In contrast to pregnancy-associated thrombotic thrombocytopenic purpura, the pathogenesis and presentation of pregnancy-associated atypical hemolytic uremic syndrome (P-aHUS) remain ill-defined. We conducted a retrospective study to assess the presentation and outcomes of patients presenting with P-aHUS and the prevalence of alternative C3 convertase dysregulation. P-aHUS occurred in 21 of the 100 adult female patients with atypical HUS, with 79% presenting postpartum. We detected complement abnormalities in 18 of the 21 patients. The outcomes were poor: 62% reached ESRD by 1 month and 76% by last follow-up. The risk for P-aHUS was highest during a second pregnancy. Thirty-five women, 26 (74%) of whom had complement abnormalities, had at least one pregnancy before the onset of a non-pregnancy-related aHUS. Outcomes did not differ between patients with pregnancy-related and non-pregnancy-related aHUS. Mutations in the SCR19-20 domains of factor H were less frequent in P-aHUS patients compared with non-pregnancy-related aHUS. Pregnancies in female patients with complement abnormalities (n ϭ 44) were complicated by fetal loss and preeclampsia in 4.8% and 7.7%, respectively. Better understanding of complement dysregulation in pregnancy complications is essential, especially to guide development of pharmacologic agents to modulate this system.
peculiar type of TMA with profound thrombocytopenia and minor renal involvement-thrombotic thrombocytopenic purpura (TTP). 2, 3 On the other hand, mutations in one or more genes coding for proteins involved in regulation or activation of the alternative pathway of complement have been established as a risk factor for another type of TMA with predominant renal involvement-atypical hemolytic uremic syndrome (aHUS) (i.e., non Shiga-toxin-related HUS). The complement system, a part of the innate immune system, is a complex multiproteic cascade involved in protection against invading microorganisms, removal of debris from plasma and tissues, and enhancement of cell-mediated immune responses. The complement cascade is activated through three distinct pathways (i.e., classical, lectin, and alternative pathways) that converge in the generation of C3 convertases. Because the alternative pathway is initiated spontaneously, the alternative C3 convertase (C3bBb) is tightly regulated by plasma and membrane-bound factors, mainly factor H (FH), factor I (FI), membrane cofactor protein (MCP), and decay-accelerating factor (DAF). 4 It is assumed that a lack of control of the alternative C3 convertase leads to complement-induced lesions of the host cells, mainly endothelial cells. Acquired (anti-FH antibodies) or constitutional (inactivating mutations in FH, FI, or MCP coding genes or activating mutations in factor B and C3 coding genes) dysregulation of the alternative C3 convertase has been established as a risk factor for the occurrence of aHUS. 5 It is assumed that excessive activation of the alternative C3 convertase leads to complement-induced lesions of the host cells, mainly endothelial cells.
Pregnancy may trigger the onset or subsequent relapses of ADAMTS-13 deficiency-related TTP 6 as well as complement dysregulation associated-aHUS. More recently, complement dysregulation was also associated with another pregnancy disorder, HELLP (Hemolysis Elevated Liver enzymes and Low Platelet count) syndrome, which shares several features with P-TMA. 7 To the best of our knowledge, no study to date has specifically assessed the implication of alternative complement pathway dysregulation in pregnancy-associated aHUS (P-aHUS). Thus, we conducted a study to assess the incidence of complement dysregulation in patients presenting with P-aHUS in a French cohort of adult patients with TMA.
RESULTS

P-aHUS occurred in 21 of the 100 adult female patients with aHUS (21%).
Clinical and Biologic Characteristics of the 21 Patients with P-aHUS Table 1 shows the characteristics of the 21 patients at diagnosis. The mean age of patients at disease onset was 28 years. Three patients presented with a relapsing aHUS, with onset of the first episode occurring 2 months to 6 years before P-aHUS. Patient 3 had a familial history of aHUS and presented at month 4 of her second pregnancy with GN with exclusive glomerular C3 deposits associated with a nephrotic syndrome. The disease occurred during the first pregnancy in eight patients (8 of 21, 38%). Twelve of 21 patients had had one (n ϭ 9) or more than one (n ϭ 3) pregnancy before the P-aHUS episode. These patients had a total of 17 pregnancies before the occurrence of P-aHUS, which were complicated by preeclampsia in one case. Three patients (patients 4, 6, and 8) presented with preeclampsia during the pregnancy that was complicated by P-aHUS.
P-aHUS occurred mainly (15 of 19, 79%) in the postpartum period ( Figure 1 ). Four patients developed aHUS at 4, 28, 29, and 36 weeks of gestation. The time of occurrence of P-aHUS was not available for two patients.
Renal involvement was severe: 81% patients (17 of 21) required hemodialysis at the acute phase of the disease and 62% (13 of 21) patients reached ESRD less than 1 month after the episode of P-aHUS. In contrast, thrombocytopenia was moderate, with a platelet count Ͼ100,000/mm 3 in 40% (8 of 20) patients. Renal biopsy showed typical features of TMA (arteriolar and capillary thrombi, "double contour" aspects, mesangiolysis) in all eight performed renal biopsies. None of the patients presented neurologic symptoms. Treatment consisted mainly of plasma exchange (15 of 18, 83%). Long-term outcome was poor: 76% (16 of 21) of patients had reached ESRD or had undergone renal transplantation at last follow-up. Sixteen pregnancies led to a live birth, and one pregnancy was complicated by an early fetal loss (patient 21). Data are not available for three patients.
Complement Component Assessment and Molecular
Characterization of Genetic Abnormality in 21 Patients with P-aHUS Complement component assessment was performed at a median time of 19 months (range: 2 to 181) from the episode of P-aHUS. C3 was low at the time of the first complement assessment in 12 of 21 patients (57%) ( Table 2) . A complement abnormality (i.e., mutations in genes involved in control of the alternative complement pathway or encoding components of the alternative C3 convertase) was detected in 18 of 21 patients (86%). Ten patients (45%) had a CFH mutation, two (9%) had a CFI mutation, two had a C3 mutation (9%), one (4%) had a MCP mutation, and three (14%) had more than one mutation (CFH and C3, CFH and MCP, CFI/CFI). None of these mutations was detected in the control group. No anti-FH antibodies were detected in any of the patients. Three patients (3 of 21; 14%) had no detected genetic defect. A total of 12 different mutations scattered throughout the CFH coding region were identified; two of them were located in the SCR19-20 domains (2 of 12, 16%). FH levels were decreased in 6 of 12 patients with a heterozygous CFH mutation, a finding compatible with the definition of type I mutation (lack of protein expression from the mutant allele). Three type II mutations were detected in the SCR1-3 domains of FH. Two of them (Q81P in SCR1 and A161S in SCR3) are part of the C3b binding site, and these CLINICAL RESEARCH www.jasn.org mutations most probably affect the direct binding to C3b and C3 convertase regulation. Mutation R53C affects an exposed residue on the opposite surface of SCR1, which, although not in contact with C3, could affect the local protein conformation. One type II mutation was found in SCR6 (R341H) and affects the residue that is most likely involved in the secondary heparin binding site in the SCR6-7 to 8 regions of FH. Two mutations leading to defective binding of FH to C3b, heparin, and endothelial cells were found in SCR20 of FH and have been previously reported in aHUS. 5 FI levels were decreased in two of three patients with CFI mutation, a finding suggestive of the type I mutation. Mutations in the C3 gene are located within or in a very close proximity to the FH binding site. Alteration of the direct binding of FH to C3 is the most probable functional consequence for these two mutations. The functional consequences of the mutations in CFH, CFI, MCP, and C3 genes are summarized in Table 2 .
Four of the 18 tested patients were homozygous for the at-risk CD46 GGAAC haplotype (4 of 18, 22%), and 9 of 20 tested patients were homozygous for the at-risk CFH GTGT (9 of 20, 45%) haplotype. Among the P-aHUS patients, 57% of patients presented at least one additional risk factor for aHUS (11 of 19) . None of the 18 tested patients presented a homozygous CFHR1 deletion.
Pregnancy Outcome in Patients with aHUS Unrelated to Pregnancy
Among the 100 patients with aHUS, we identified 35 women who had had at least one pregnancy in the absence of P-aHUS. The study population consisted of 11, 10, 8, 2, and 3 women who had had 1, 2, 3, 4, and 6 pregnancies, respectively. The mean age of patients at the onset of aHUS was 35 years. The outcome of aHUS did not differ between these two groups of patients (Table 3 ). In this group of patients, a complement abnormality was detected in 26 of 35 patients (74%) consisting in CFH mutations (n ϭ 14), CFI mutations (n ϭ 6), MCP mutations (n ϭ 3), C3 mutations (n ϭ 1), and FB mutations (n ϭ 2). In patients with at least one pregnancy and aHUS unrelated to pregnancy, 43% of CFH mutations (6 of 14) were located in SCR19-20. The percentage of mutations located in SCR19-20 was significantly lower in patients with P-aHUS compared with those with aHUS unrelated to pregnancy (P ϭ 0.01). In the group of nulliparous women and aHUS (median age of aHUS: 29 years), 66% of the CFH mutations were located in SCR19-20. The SCR distribution of FH mutations in female patients is shown in Figure 2 .
There were a total of 118 pregnancies in the group of patients with aHUS. In patients with mutations in the CFH, C3, CFI, and MCP genes, aHUS was triggered by pregnancy in 20%, 28%, 11%, and 17% of patients, respectively (Table 4) . Mutations in SCR19-20 of CFH and CFI genes were associated with a lower frequency of P-aHUS compared with mutations in C3, MCP, and SCR1-18 of CFH.
Pregnancy Outcome in All Patients with an Abnormal Control of the Complement Alternative Pathway
Forty-four patients with complement dysregulation (CFH ϭ 24, CFI ϭ 9, MCP ϭ 4, C3 ϭ 3, CFB ϭ 2, Ͼ1 mutation ϭ 3) had 103 pregnancies (Table 5 ). Pregnancy was uneventful in 74.7% of patients and complicated with fetal loss in 4.8% of patients, preeclampsia in 7.7% of patients, and aHUS in 17.4% of patients. The risk of P-aHUS in these patients was highest during the second pregnancy ( Figure 3 ). Ten patients with aHUS and no documented complement dysregulation had 15 pregnancies complicated by aHUS in three patients (20%) and were uneventful in 80% of patients. Three patients with PaHUS and no detected genetic abnormality had four pregnancies complicated by aHUS in three patients and were uneventful in one patient.
DISCUSSION
In contrast to pregnancy-associated TTP, the pathogenesis and presentation of P-aHUS remain ill-defined. For instance, data regarding complement dysregulation in P-aHUS are extremely scarce and are based, to the best of our knowledge, on less than 15 patients reported mostly in cohort studies without available detailed clinical data. 8 -11 Nonetheless, our study clearly underlines that P-aHUS is a frequently encountered subtype of aHUS, accounting for approximately 20% of all patients with aHUS occurring in the French aHUS registry. In a previous report by Caprioli et al., P-aHUS represented 10% (nine patients) of all aHUS patients. 8 Our data clearly underline that pregnancy is definitely an important triggering factor for aHUS. Moreover, the outcome is severe, with more than twothirds of patients reaching ESRD, mostly in the month after the onset.
P-aHUS shares with non-pregnancy-related aHUS a high incidence of mutations in complement genes (86% and 76%, respectively), with CFH mutations being the most frequently encountered (48% of patients). The most striking finding in our series is the occurrence of Ͼ75% of cases of P-aHUS in the postpartum period. This finding may seem paradoxical, because pregnancy per se triggers complement activation. During pregnancy, an immunological conflict takes place in the placenta-an interface between a semiallograft, the fetus, and the mother. The placenta is potentially subject to complementmediated immune attack at the feto-maternal interface with the potential risk of fetal loss. Indeed, complement components (C3b, C4b) are detected in the placenta of normal and pathologic pregnancies. [12] [13] [14] In normal pregnancy, uncontrolled complement activation is prevented mainly by the three regulatory proteins DAF, MCP, and CD59, which are positioned on the surface of trophoblasts. 12 In addition, serum concentrations of C3, C4, and CH50 gradually increase during pregnancy by 10% to 50%. 12 DAF is the predominant regulatory protein expressed on trophoblasts and is anchored through its lipophilic, diacylglycerol, membrane-bound fragment in the outer lipid bilayer of the trophoblast. Similarly, FH is sequestered on the trophoblast surface through its interaction with bone sialoprotein and ostepontin attached to their specific receptors. 15 FH is also probably synthesized and secreted by trophoblasts. 16 DAF, MCP, and FH downregulate the alternative C3 convertase through binding to C3b, cofactor activity to FI, and/or C3 convertase dissociation. Such control is crucial for the development of the fetus, as outlined by several animal models. 17, 18 Thus, in patients with defective control of the alternative C3 convertase due to CFH, CFI, C3, and MCP mutations, the integrity of the regulatory factors DAF and CR1 provides an effective control of the complement activation at the feto-maternal interface during the pregnancy. Furthermore, paternally inherited fetal complement regulatory factors may help to compensate for maternal-deficient alternative C3 convertase. In contrast, after delivery, inflammation due to delivery per se, the release in the maternal circulation of fetal cells, infections, and hemorrhage lead to systemic activation of the alternative pathway, which, in the absence of effective regulatory mechanisms, ultimately induces postpartum aHUS. The importance of alternative pathway activation in the genesis of P-aHUS may explain the high incidence of mutations occurring in the regulation of the alternative pathway C3 convertase in patients with P-aHUS.
In aHUS, most CFH mutations cluster in the C-terminus domain, which is believed to mediate FH interaction with endothelial cells. Mutations in SCR19-20 probably lead to altered FH fixation to endothelia and hence hinder FH capacity to protect the endothelia from complement-induced lesions. 19 Interestingly, CFH mutations in patients with P-aHUS do not aggregate in the SCR19-20 but are detected in various FH SCR domains (Figure 2 mains, compared with 43% (6 of 14) in patients with at least one pregnancy and 66% (8 of 12) in nulliparous patients with aHUS.
In six patients with P-aHUS related to CFH mutations, mutated genes do not encode any circulating protein and lead to a quantitative FH deficiency (e.g., 50% of detected serum CFH concentration). The remaining four mutations associated with normal FH levels (type II mutations) are located in SCR1, 3, and 6 of FH. Type II mutations occurring outside of the C terminal domains of FH, which might impair the binding of FH to surface-bound C3b, have been previously reported in children with aHUS. 19 Moreover, in two patients with P-aHUS, we identified two mutations in C3 genes that are located within or in very close proximity to the FH binding site. This finding suggests that the functional consequence of these two mutations is probably the alteration of the direct binding of FH to C3b. 20 The postpartum period probably requires an effective control of the alternative pathway in the fluid phase. This may account for the high frequency of mutations located in the C3b binding site or associated with a quantitative deficiency in FH in P-aHUS patients. The different distribution of CFH mutations between P-aHUS cases and other types of aHUS cases remains unexplained but highly suggests that the pathologic significance of SCR domains in FH outside of the C-terminal region have been underrecognized
In contrast, plasma vWF increases steadily during gestation and reaches a maximum (200% to 500% of normal) at term with the appearance of the highly thrombogenic ultralarge vWF multimers. 6 In contrast, a review of 23 previously published cases of pregnancy-related TMA associated with ADAMTS13 deficiency [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] clearly shows this type of TMA occurs predominantly in the late second and third trimesters. This is in accordance with a recent review of 166 pregnancyrelated TTP cases in which the median time of TTP occurrence was 23 weeks. 31 Plasma ADAMTS13 activity gradually declines throughout pregnancy from the end of the first trimester up to the end of early puerperium 6 and may reach an insufficient level to counterbalance the inhibitory effect of anti-ADAMTS13 antibodies in the late second and third trimesters. Thus, the late second and third trimesters are the gestation period with the highest risk for TTP. However, in ADAMTS13 deficiency and C3 convertase dysregulation-associated P-aHUS, confounding factors such as infections may lead to the occurrence of pregnancy related-TMA earlier in pregnancy.
Treatment of aHUS mainly includes plasma infusions and plasma exchange. Because of the extreme severity of P-aHUS with more than two-thirds of patients reaching ESRD less than 1 month after P-aHUS, aggressive treatment with high-dose plasma exchange needs to be started rapidly. Complement activation modulators (eculizumab and human FH) represent promising therapeutic options for severe forms of aHUS (e.g., P-aHUS) 32 ; however, the efficiency of such treatments remains to be clearly established in aHUS.
In addition to the data regarding P-aHUS, our study suggests that fetal losses and preeclampsia tend to occur more frequently in patients with genetic complement abnormalities compared with the general population, with an incidence of 4.6% (versus 2% to 3% in the general population) and 7.4% (versus 4% to 5% in the general population), respectively. As previously discussed, an effective control of complement activation is required for the development of a normal pregnancy. Thus, one cannot exclude that complement dysregulation could be involved in other pregnancy complications such as preeclampsia and fetal losses.
The counseling of young female patients with documented C3 convertase dysregulation who wish to undergo a pregnancy remains an ill-addressed issue. The identification of these mutations does not allow an accurate prediction of the risk of P-aHUS. The incomplete penetrance of the disease in individuals carrying mutations is relatively high, and additional variants in FH and MCP act as additional susceptibility factors for the development of aHUS. 5 In our series of patients with PaHUS, the risk-associated haplotype CFH GTGT or MCP GGAAC was present in homozygosity in 57% of patients. Our data indicate that the concurrence of both mutations and risk polymorphisms may be required for the development of the disease, but pregnancy is not sufficient per se to trigger aHUS.
On the basis of our results, patients with complement dysregulation should be informed of the relatively high risk (20%) of P-aHUS, and any pregnancy should be closely monitored, CLINICAL RESEARCH www.jasn.org but especially in these patients. The risk for pregnancy complications is probably overestimated in our series, which included patients with severe clinical manifestations associated with a C3 convertase dysregulation. Preventive treatment with aspirin and/or plasma infusions during pregnancies in women with previous manifestations related to C3 convertase dysregulation remains a matter of debate.
In all, alternative C3 convertase dysregulation is probably associated with a wide range of pregnancy complications including HELLP syndrome and, most importantly, P-aHUS. A precise assessment of the implication of complement dysregulation in pregnancy complications is crucial, especially regarding the use of anti-complement-targeted agents in the treatment of these disorders.
CONCISE METHODS
Patients and Methods
Using a computerized database, we identified 100 adult women (age: 18 to 85 years, median 31 years) with aHUS referred between 2000 and 2008 to the laboratory of immunology at Hôpital Européen Georges Pompidou (Paris, France), a reference center for the evaluation of complement disorders in human diseases. A diagnosis of aHUS was defined by the coexistence of hemolytic mechanical anemia (hemoglobin Ͻ10 g/dl, lactate dehydrogenase level Ͼ600 IU/L, and presence of schistocytes on blood smear), thrombocytopenia (platelet count Ͻ150 000/ mm 3 ), and acute renal failure. P-aHUS was defined as an aHUS occurring during the antepartum or the postpartum period. Preeclampsia was defined by the occurrence after 20 weeks' gestation of hypertension (systolic blood pressure Ͼ140 mmHg or diastolic blood pressure Ͼ90 mmHg) and proteinuria Ͼ300 mg/d.
The MEDLINE database was used to search for published P-TMA cases (case reports or series) with the following keywords: thrombotic thrombocytopenic purpura, hemolytic uremic syndrome, TTP, HUS, thrombotic microangiopathy, pregnancy, ADAMTS13, complement, Factor H, Factor I, MCP, membrane cofactor protein, C3, Factor B. The search was restricted to 1996 to 2008 because the identification of ADAMTS13 and complement dysregulation in TMA was after 1996.
All patients' medical records were reviewed and relevant clinical and biologic data were collected. All patients gave informed consent for genetic analysis according to the Declaration of Helsinki. Complement analysis was done as part of the usual workup regularly performed in all TMA patients seen in nephrology departments.
EDTA plasma samples were obtained for all patients. Plasma concentrations of FH and FI were measured by ELISA; C4, C3, and FB were measured by nephelometry; and MCP expression was analyzed on granulocytes using anti-CD46 phycoerythrin-conjugated antibodies (Serotec, United Kingdom). All coding sequences for FH (CFH), FI (CFI), membrane cofactor protein (MCP), C3, and Factor B genes were sequenced as described previously. [33] [34] [35] [36] [37] DNA samples available from 100 local blood donors with the same genetic background as the patients (70% of women and 30% of men) were also sequenced for the aforementioned genes to differentiate polymorphisms (detectable in healthy volunteers) from mutations (undetectable in healthy volunteers).
The haplotype CD46 GGAAC , which is associated with an increased risk of aHUS, 38 is defined by the following single nucleotide polymorphisms: Ϫ652 AϾG (rs2796267), Ϫ366 AϾG (rs2796268), IVS9-78 GϾA (rs1962149), IVS12 ϩ 638 GϾA (rs859705), and c.4070 TϾC (rs7144). The at-risk haplotype was not available for three patients. The risk CFH -H3 haplotype 39 was tagged by genotyping rs800292 (c.184GϾA; p.Val62Ile), rs1061170 (c.1204TϾC; p.Tyr402His), rs3753396 (c.2016AϾG; p.Gln672Gln), and rs1065489 (c.2808GϾT; p.Glu936Asp). The at-risk haplotype was not available for one patient. CFHR1 deletion was screened using multiplex ligation-dependent probe amplification as previously reported. 40 
